This review addresses recent studies of newly developed carbon-based electrode materials and their use for DNA electroanalysis. Recently, new carbon materials including carbon nanotubes (CNT), graphene and diamond-based nanocarbon electrodes have been actively developed as sensing platforms for biomolecules, such as DNA and proteins. Electrochemical techniques using these new material-based electrodes can provide very simple and inexpensive sensing platforms, and so are expected to be used as one of the "post-light" DNA analysis methods, which include coulometric detection, amperometric detection with electroactive tags or intercalators, and potentiometric detection. DNA electroanalysis using these new carbon materials is summarized in view of recent advances on electrodes. format, and also allow device miniaturization for samples with a very small volume. Glassy carbon (GC) electrodes have been widely used for detecting various analytes including (bio) molecules over several decades. 2 Recently, new carbon materials, and in particular doped diamond, CNT, and graphene nanostructures, have been actively developed as sensing platforms for biomolecules, such as DNA and proteins. [6] [7] [8] [9] [10] In fact, with the development of many kinds of DNA analysis systems, 6, [11] [12] [13] [14] [15] [16] [17] [18] the number of reports on DNA electroanalysis using the above-mentioned carbon material electrodes has been increasing rapidly throughout the world as shown in Fig. 2(a) 10, 11, 23, 24 In fact, the number of publications related to DNA electroanalysis using both CNT and graphene material electrodes are increasing as shown in Fig. 2(a) .
However, the percentage of DNA electroanalysis studies using CNTs has shown a downward trend in the last five years ( Fig. 2(b) ), which is unlike the case for graphene-based electrodes. This is probably because CNT applications have recently become prominent in various fields including electrochemical capacitors (supercapacitors), 25 biofuel cells 26 and other biosensors. 27, 28 Nevertheless, the electrochemical method has gradually focused on these DNA science fields since electrochemical DNA detection with carbon-based electrodes promises to meet a number of requirements including the rapid, simple, and low-cost detection of DNA needed for the analysis of single nucleotide polymorphisms (SNPs) for future genetic disease diagnosis. This work reviews recent carbonbased electrode materials and their electroanalytical applications to DNA detection.
DNA Electroanalysis
Electrochemical techniques have been widely used for DNA analysis, as described above. 14, 18 This is because these techniques have such advantages as low cost, compact size, and ease of handling compared with the fluorescent method. Many DNA detection methodologies have been proposed over the last two decades. In terms of DNA electroanalysis, many concepts have been reported including a hybridization-based technique with electroactive tags or intercalators, [13] [14] [15] [29] [30] [31] [32] [33] [34] [35] [36] [37] and the direct oxidation of DNA. [38] [39] [40] [41] [42] [43] [44] [45] [46] More recently, a nanopore-based DNA analysis approach has generated much interest for the high throughput sensing of individual nucleic acids. [47] [48] [49] [50] [51] [52] [53] [54] This paper summarizes these techniques as shown in Fig. 3 . Fig. 2 Recent publications in relation to DNA electroanalysis using a carbon materials-based electrodes search conducted using Web of Science ® . (a) Number of publications on DNA electroanalysis and (b) the percentage of published papers on DNA electroanalysis among those for all applications of each electrode. These searches were conducted with the following key words; (a) "DNA", "material names" and "electrode" and (b) "material names" and "electrode". White, black and gray bars indicate CNT, diamond and graphene, respectively. 
2·1 Hybridization-based techniques
The hybridization methods were originally developed along with advances in fluorescent DNA microarrays, such as the Affymetrix and Stanford types. An electrochemical DNA microarray technique that provides electrochemical signals as shown in Fig. 3 (a) was also developed in combination with DNA hybridization and electroactive intercalators or tags. With the hybridization-based techniques, the electrode material is a very important issue in terms of achieving electrochemical DNA sensing. Gold (Au) and indium tin oxide (ITO) electrodes have been widely used to immobilize DNA probes on the surfaces of these electrodes, because the surface modification of these electrodes has been well established. [13] [14] [15] [29] [30] [31] [32] [33] [34] [35] DNA immobilization on a boron-doped diamond (BDD) substrate surface using a photo-attachment technique has also been reported despite its chemical inertness. 9, 55 On the other hand, electrochemical intercalators or tags are also of considerable importance as regards obtaining an electrochemical signal after hybridization.
Methylene blue and Hoechst 33258 (bis-benzimide derivative) have traditionally been used as nucleus stains that work as an intercalator and a groove binder, respectively. Ishimori et al. have developed an electrochemical DNA chip based on hybridization and an intercalator (Hoechst 33258). The capture probe was immobilized on an integrated Au electrode on a DNA chip. After hybridization with the sample, the intercalator was added and then electrochemical measurement was carried out. The SNPs in the target sample induce a signal decrease as a result of a decrease in the amount of intercalation. In fact, such chips have already been marketed (Genelyzer TM chip 56 ) for the detection of thirteen genotypes of high-risk human papilloma virus (HPV) (Clinichip ® HPV). Takenaka and coworkers developed an electrochemical intercalator consisting of ferrocenyl naphthalene diimide (FND) that generates a stable signal after hybridization on the electrode. 57, 58 By using these FND derivatives, detection systems were established not only for SNPs but also for G quartet and DNA methylation. 37, 59 Charge transport through π-stacked DNA duplexes has been successfully used for a electrochemical DNA sensor. 14, 33, 34, 60 Barton and coworkers exploited an electrochemical method based on charge transport through π-stacked DNA duplexes on electrodes coupled to an electroactive intercalator and mediator. 33 They clearly demonstrated that a mismatch or lesions in stacking induced a charge transport decrease. The above techniques enabled us to detect both target sequences and single base differences including SNPs.
Hybridization techniques are often used to induce a change of probe structure (a molecular beacon), 35, [61] [62] [63] [64] or for the diffusion of a redox indicator. 9, 65 In these systems, the density of capture probe is quite essential. Aoki et al. developed peptide nucleic acid (PNA)-tethered ferrocene as a capture probe. 61 The ferrocene can access an electrode surface with high flexibility. After hybridization of the target oligonucleotides, the duplex structure became more rigid, and then the ferrocene current decreased.
This system exhibited a very low target oligonucleotide detection limit of 14.4 pM. Other systems have been reported that employ a difference in the diffusion of redox indicators such as [Fe(CN)6] 3-/4-triggered by the hybridization of the target oligonucleotides. 65 In this system, the formed dsDNA is rigid, and this makes it possible to change the surface with a negative charge. This hybridization-induced surface change eliminated the diffusion of negatively charged mediators, and therefore allowed the target oligonucleotide to be determined from a decrease in the reaction current of the mediators. Compared with the above strategy, this method requires no labeling but needs a relatively high detection limit (micromolar order) at a conventional Au electrode. Recently, a newly developed BDD based electrode has exhibited a superior LOD of 2 pM for DNA because of its very low noise current.
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2·2 Oxidation of DNA bases
The direct oxidation and reduction of DNA is the simplest of the various electrochemical techniques, because all of the bases are electroactive (Fig. 3(b) ). Palec ek reported a DNA detection approach based on electrochemical reduction at a mercury electrode, 38 since then, some groups have already reported that the electrochemical oxidation and reduction of DNA bases can be observed at some electrodes including Au and carbon-based electrodes. [40] [41] [42] [43] [44] [45] [46] [66] [67] [68] [69] [70] In particular, the direct oxidation of guanine at certain electrodes has often been investigated since guanine exhibits the lowest oxidation potential of all the DNA bases. [40] [41] [42] [43] [44] [45] [46] Moreover, ruthenium or osmium complexes can be used to mediate the oxidation of guanine (indirect electrochemistry). Thorp's group successfully used these complexes to obtain a large catalytic current, resulting in an extremely low detection limit of 40 amol (400 fM) for target oligonucleotides. 71 As described above, guanine has a low oxidation potential, followed by adenine, thymine, cytosine and uracil. [43] [44] [45] The high oxidation potential of these DNA bases limits the electrodes capable of achieving direct oxidation. Carbon-based electrodes are suitable for the direct oxidation of DNA bases because these materials have a wide potential window. In particular, BDD and sputtered nanocarbon film have an sp 3 bonded carbon structure that exhibits the wide potential window needed for oxidizing pyrimidine bases. [43] [44] [45] At the same time, sp 2 -carbon is also very important for obtaining the electrode activity needed to oxidize all the DNA bases, since sp 2 -carbon induces high electrode activity against aromatic DNA bases as a result of the π-π interaction. 46, 72 Thus, a recent report proved that graphene exhibits high electrode activity against all the bases.
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2·3 Nanopore-based technique
Recently, nanopore-based technologies have focused on "fourth generation" DNA sequencing with the aim of achieving $1000 genome sequencing, [47] [48] [49] [50] [51] [52] [53] [54] since this method eliminates the need for chemical labeling or PCR amplification. Moreover, this technique has no read length limitation. The realization of this technology required a nano-sized pore (typically 4 -10 nm) to make it possible to obtain a current signal from a single DNA molecule as shown in Fig. 3(c) . Nanopores are currently fabricated using biological pore (α-hemolysin, 49 MspA 50 ) or solid-state substrates including silicon nitride 52,53 on a supported membrane. Firstly, a single-strand DNA molecule is inserted into the nanopore by using an applied electric field. An ionic current blockage can be observed during the passage of the single-strand DNA through the nanopore. Ideally, when each base approaches the nanopore, the magnitude of the ionic current blockage can be distinguished for each base. However, the reading of DNA with a single base resolution has been hampered by the fact that the DNA translocation speed is too fast (of the order of μs/base). 51 To overcome this, the translocation speed must be controlled by the applied electric field and the polymerase activity. Lieberman and coworkers revealed that bacteriophage phi29 DNA polymerase made it possible to slow the translocation of DNA to of the order of 10 ms/base, which was 10 4 slower than that of DNA without the polymerase. 54 Although there are several issues to overcome, the research competition for nanopore DNA sequencing is now heating up since this technique has several advantages including no need for chemical labeling or PCR amplification for achieving "post-light" DNA sequencing.
Indeed, Oxford Nanopore Technologies Ltd. announced that a novel DNA sequencer consisting of protein nanopores that is likely to cost less than $1000 will be released in the near future.
Carbon-material Electrodes for DNA Electroanalysis
Recently, carbon materials have often been used in electrodes for detecting biomolecules. GC, one of the most important and traditional materials, has been extensively studied and used in electroanalysis for over several decades. This is because a GC electrode exhibits a relatively wide potential window compared with those based on a metal such as Au or Pt and high electrode activity.
3·1 Carbon nanotube
Carbon nanotubes have been intensively developed for use as electrode materials for two decades since their structures have excellent electronic properties, and demonstrate good electrode activity. 4, 6, 12 There are two main preparation methods for CNT-based electrodes. One is a CNT electrode modified by casting CNT dispersed solution on a solid substrate. 73, 74 The second is a CNT electrode grown directly on a solid substrate. 22, 26, 75 This method is required for metal catalyst purification. Hata and coworkers reported a novel synthesis method, namely the SWCNT super-growth method. 22 This method can eliminate the use of excess amounts of catalyst. This is highly advantageous in that the obtained CNT electrode can be used for bioelectroanalysis without any purification process. 26 CNT material has great potential for use in electrochemical DNA sensing since a CNT has a large surface area that can enhance the electron transfer reaction from an intercalator/indicator to the electrode surface. [76] [77] [78] Cai et al. reported an MWCNT-modified electrode for DNA detection by using redox active daunomycin (Fig. 4) . 76 MWNT acts as a promoter that enhances the electrochemical reaction, and thus increases the rate of the heterogeneous electron transfer between the electrode and daunomycin. MWCNT can also allow us to increase the effective area of the electrode, thus making it possible to obtain a significant current increase. As for CNT immobilization, such an aligned immobilization of CNT is very important in terms of hybridization efficiency. Indeed Wang et al. proved that DNA immobilized on the surface of self-assembled MWCNTs yielded a higher hybridization efficiency than that adsorbed on random MWCNTs owing to an increase in the accessibility of the target DNA molecules to the surfaces of the DNA probes.
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3·2 Graphene
The work of the Geim and Novoselov group has led many researchers to investigate graphene in terms of its use as a new electrode material, 10, 24 as shown in Fig. 2 . This is because graphene has fascinating electronic, mechanical, chemical, and thermodynamic properties. 3, 5, 79 These properties enable us to anticipate the use of this material as an electrode. In fact, graphene has many edge-plane structures that induce high electrode activity against various analytes. 10, 11, 24 Recently, graphene-based electrodes have been prepared by modifying other conductive solid materials such as GC. 10 As shown in Fig. 5 , Zhou et al. have reported a chemically reduced graphene oxide (CR-GO) modified GC electrode that exhibits a good electron transfer rate for certain biomolecules including DNA bases. 10 The oxidation potentials of four free DNA bases (10 μg/mL) at CR-GO shifted negatively with enhanced peak currents compared with GC and graphite-based electrodes. Loh's group also reported a similar performance for anodized epitaxial graphene, which exhibited a high electron transfer of DNA molecules. 23 Although DNA bases generally exhibit higher sensitivity under acidic conditions, 43 both graphene-based materials made it possible to measure all of the free DNA bases, even under neutral pH conditions. This was probably due to the surface stacking effect between graphene and the target molecules that exhibit high electron transfer rates.
The thickness of a single graphene atom is one of the most important properties. As described above, nanopore-based technology has recently focused on new methodologies for next-generation DNA sequencing. 47, 51, 52, 80 More recently, some groups have achieved graphene-based nanopores, thus demonstrating the great potential for an intriguing alternative. 81, 82 Graphene nanopores are suitable materials for constructing nanopore-based sensing platforms, because they are ultrathin, highly conductive, and make it possible to achieve reliable measurements with nanopore-based sensing. Graphene-nanopore materials open up new modalities for "post-light" DNA sensing.
3·3 sp
3 -bonds containing carbon electrodes sp 3 -bonds containing carbon electrodes have also been developed for use in bioelectroanalysis. These carbon materials are needed to obtain conductivity since the diamond content is an insulator. BDD is one of the most developed and well known "diamond-based" electrode materials. 40, [83] [84] [85] [86] [87] It is also well known that BDD electrodes exhibit excellent levels of performance. For example, a BDD surface exhibits superior anti-fouling properties against biomolecules. Yang et al. showed that the DNA hybridization process maintained the same fluorescent intensity during 30 cycles, which was unlike any other substrates (Si(111), amine-SiO2, Au etc.). 55 This was probably because diamond consists almost entirely of sp 3 carbon, which exhibits chemical inertness and very weak interactions against the molecules. Such anti-fouling properties facilitate stable and quantitative electrochemical measurements for (bio)macromolecules including not only DNA but also protein. In fact, Suzuki and coworkers revealed the excellent properties of BDD-based electrodes even when used with real samples. They fabricated a BDD deposited microelectrode to detect in vivo dopamine with high stability and high sensitivity. 88 Moreover BDD exhibits extremely low background noise and wider potential windows. Yang and coworkers also reported a nanostructured BDD electrode for DNA sensing by using Fe(CN)6 3-/4-as a redox mediator as shown in Fig. 6 . 9,87 The extremely low background noise provided a superior sensitivity limit of about 2 pM with good durability (over 30 cycles of DNA hybridization/denaturation), which was comparable to the chemical stability of optical DNA biosensors made of diamond. 55 These excellent properties are dependent on the optimization of certain BDD factors such as sp 2 and sp 3 content, grain sizes, and boron doping level. Recently, sp 2 and sp 3 hybrid carbon materials have also become known as sp 3 -bonds containing carbon. 42, 89, 90 This carbon film, called nanocarbon film, has been developed by employing the electron cyclotron resonance (ECR) sputtering method, which provides a nanocrystalline sp 2 and sp 3 mixed bond structure with an atomically flat surface (surface roughness of 0.05 -0.1 nm) and high conductivity without doping. This is quite different from or amorphous DLC. 89, 91 The film electrode has excellent properties including a low background current, a wide electrochemical potential window, and little surface fouling, while maintaining relatively high electrode activity for various biomolecules. 42, 44, 90, 92, 93 These characteristics allow the detection of biomolecules with slower electron transfer rates, such as NADPH and pyrimidine bases. 44, 94 As a result, this film electrode can measure all DNA bases (including DNA base derivatives e.g., 5′-methylcytosine 46, 69, 70 and 8′-hydroxy 2′-deoxyguanosine 95 ) quantitatively. Moreover, due to their good electrochemical stability, these sp 3 -containing carbon electrodes are suitable for long-term analysis including as the electrode of an HPLC detector for detecting various biological compounds. 95, 96 
Conclusion
Recent studies on carbon material-based electrodes for DNA electroanalysis have been addressed in this review. New carbon materials allow us to anticipate the use of these material electrodes in DNA electroanalysis fields. The various properties and usage limitations of these materials mean that we must select them on the basis of their individual advantages. Fig. 6 Schematic image of DNA sensing on diamond electrodes using negatively charged redox mediator molecules. The diffusion of redox mediators toward the diamond electrode results in a peakshaped voltammogram (solid line). The repulsion of redox mediators due to DNA hybridization leads to a decrease in the peak currents and a broader peak splitting (dotted line) (illustrated based on Ref. 87 ).
References
